Novel therapies are needed to address the vascular endothelial cell (EC) barrier disruption that occurs in inflammatory diseases such as acute lung injury (ALI). We previously demonstrated the potent barrier-enhancing effects of both sphingosine 1-phosphate (S1P) and the structurally similar compound FTY720 [2-amino-2-(2-[4-octylphenyl]ethyl)-1,3-propanediol] in inflammatory lung injury. In this study, we examined the therapeutic potential of several novel FTY720 analogs to reduce vascular leak. Similar to S1P and FTY720, the (R)-and (S)-enantiomers of FTY720 phosphonate and enephosphonate analogs produce sustained EC barrier enhancement in vitro, as seen by increases in transendothelial electrical resistance (TER). In contrast, the (R)-and (S)-enantiomers of FTY720-regioisomeric analogs disrupt EC barrier integrity in a dose-dependent manner. Barrier-enhancing FTY720 analogs demonstrate a wider protective concentration range in vitro (1-50 M) and greater potency than either S1P or FTY720. In contrast to FTY720-induced EC barrier enhancement, S1P and the FTY720 analogs dramatically increase TER within minutes in association with cortical actin ring formation. Unlike S1P, these FTY720 analogs exhibit differential phosphorylation effects without altering the intracellular calcium level. Inhibitor studies indicate that barrier enhancement by these analogs involves signaling via G i -coupled receptors, tyrosine kinases, and lipid rafts. Consistent with these in vitro responses, the (S)-phosphonate analog of FTY720 significantly reduces multiple indices of alveolar and vascular permeability in a lipopolysaccharide-mediated murine model of ALI (without significant alterations in leukocyte counts). These results demonstrate the capacity for FTY720 analogs to significantly decrease pulmonary vascular leakage and inflammation in vitro and in vivo.
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Sustained vascular barrier leak, a marked characteristic of acute inflammatory diseases, such as acute lung injury (ALI) and sepsis, contributes to the high mortality of these conditions. Disruption of the pulmonary vascular endothelial cell (EC) monolayer in the lung microcirculation results in flooding of interstitial and alveolar compartments with fluid, protein, and inflammatory cells, resulting in respiratory failure (Dudek and Garcia, 2001) . Specific therapies that prevent or reverse inflammation-mediated vascular barrier leak are lacking (Wheeler and Bernard, 2007) . We have previously demonstrated the potent barrier-enhancing properties of sphingosine 1-phosphate (S1P), a platelet-derived sphingolipid that rapidly induces EC cytoskeletal rearrangements, leading to augmented EC monolayer integrity . Through the ligation of the G i -coupled S1P 1 receptor (S1P 1 R), S1P initiates a series of downstream events, including Rac activation, cortactin translocation, peripheral myosin light chain (MLC) phosphorylation, and focal adhesion rearrangement, culminating in enhancement of the EC cortical actin ring, improved cell-cell and cell-matrix interactions, and increased barrier function in vitro Shikata et al., 2003; Dudek et al., 2004) . We have also shown the in vivo capacity for S1P to attenuate lipopolysaccharide (LPS)-induced murine and canine models of sepsis and ALI Peng et al., 2004) , supporting the potential therapeutic utility of this compound in inflammatory states.
Despite this impressive potential, S1P is an endogenous compound that produces a myriad of effects, including several that will limit its usefulness in patients. For example, although intravascular administration of S1P protects against ALI, intratracheal administration can conversely produce pulmonary edema through disruption of the epithelial barrier via ligation of the S1P 3 receptor (S1P 3 R) (Gon et al., 2005) . Even in the vasculature, high concentrations of S1P (Ͼ10 M) can disrupt EC monolayer integrity in vitro through ligation of the S1P 3 R and subsequent Rho activation, suggesting a limited therapeutic window for barrier enhancing properties of S1P. S1P also exhibits well described cardiac toxicity (primarily bradycardia) through activation of S1P 3 R in the heart (Forrest et al., 2004; Hale et al., 2004a) . Finally, S1P can stimulate contraction of human airway smooth muscle cells (Rosenfeldt et al., 2003) and worsens airway hyper-responsiveness in mice (Roviezzo et al., 2007) , suggesting a potential for S1P to exacerbate airway obstruction in asthmatics.
Given these limitations, there has been considerable interest in the biologic effects of the structurally similar compound, FTY720, which exhibits potent barrier-enhancing properties both in vitro and in vivo (Sanchez et al., 2003; Peng et al., 2004; Dudek et al., 2007) . FTY720 has significant clinical interest as an immunosuppressive agent and has demonstrated efficacy in patients with relapsing multiple sclerosis (Kappos et al., 2006) and in models of leukemia (Neviani et al., 2007) . It is currently being evaluated in phase III clinical trials Mansoor and Melendez, 2008) and is, therefore, a potential future therapeutic option for inflammatory lung disease. Our prior in vitro studies demonstrate that FTY720 potently enhances EC barrier function, at least in part, via a novel S1P 1 R-independent mechanism that involves an alternative G i -coupled receptor (Dudek et al., 2007) . We have also reported that a single intraperitoneal injection of FTY720 significantly attenuated murine pulmonary injury measured 24 h after LPS administration .
However, similar to S1P, FTY720 has properties that may limit its therapeutic utility in patients with ALI. Its effectiveness as an immunosuppressant is related to its ability to induce lymphopenia via down-regulation of lymphocyte S1P 1 R signaling (Kovarik et al., 2004; Matloubian et al., 2004) , but this effect may be detrimental in patients with ALI, many of whom have sepsis or infection as a triggering event (Wheeler and Bernard, 2007) . Moreover, FTY720 induces bradycardia through S1P 3 R-related mechanisms similar to S1P in both animals and patients (Brown et al., 2007) , which may worsen the hemodynamic instability present in many ALI patients. Finally, in a recent multiple sclerosis clinical trial (Kappos et al., 2006) , FTY720 significantly increased rates of dyspnea and decreased lung function (lower forced expiratory volume in 1 s), perhaps via mechanisms similar to S1P-induced airway hyper-responsiveness (Roviezzo et al., 2007) . Given these observations of S1P and FTY720, we explored the barrier-regulatory capacity of several novel, synthetic analogs of FTY720. We now demonstrate the barrier-regulatory mechanisms of these analogs similar, but not identical, to S1P and FTY720, with one class of analogs producing significant barrier disruption despite structural similarities. Finally, our in vivo data demonstrate that the representative (S)-phosphonate analog of FTY720 significantly reduces LPS-induced vascular leak in a murine model of inflammatory lung injury. These studies advance our understanding of pulmonary vascular permeability and characterize four novel FTY720 analogs that may potentially act as improved therapeutic tools for prevention and reversal of vascular leak.
Materials and Methods
Reagents. S1P was purchased from Sigma-Aldrich (St. Louis, MO), and FTY720 was generously provided by Novartis (Basel, Switzerland). All other reagents were obtained from Sigma-Aldrich, unless otherwise noted. Immunofluorescent and Western blotting reagents were obtained as follows: Texas Red phalloidin (Invitrogen, Carlsbad, CA); and rabbit anti-diphosphorylated MLC, rabbit antipan-MLC, rabbit anti-phosphorylated ERK, rabbit anti-pan-ERK (Cell Signaling, Beverly, MA). The labeled dextran vascular permeability assay kit was purchased from Millipore Corporation (Bedford, MA). Fura-2/acetoxymethyl ester was obtained through Invitrogen. Pertussis toxin and genistein were purchased from EMD Biosciences (San Diego, CA). FTY720 Analog Synthesis. Analogs were synthesized as described elsewhere (Lu et al., 2009) .
Cell Culture. Human pulmonary artery endothelial cells (HPAEC) were obtained from Lonza Walkersville, Inc. (Walkersville, MD) and were cultured as described previously (Dudek et al., 2004) in the manufacturer's recommended endothelial growth medium-2 (EGM-2). Cells were grown at 37°C in a 5% CO 2 incubator, and passages 6 to 9 were used for experiments. Media were changed 1 day before experimentation.
Transendothelial Monolayer Electrical Resistance. EC were grown to confluence in polycarbonate wells containing evaporated gold microelectrodes, and TER measurements were performed using an electrical cell-substrate impedance sensing system (Applied Biophysics, Troy, NY) as described previously in detail . TER values from each microelectrode were pooled as discrete time points and plotted versus time as the mean Ϯ S.E.M.
Vascular Permeability Assay. A transendothelial permeability assay was performed as we described previously (Garcia et al., 1986) using labeled tracer flux across confluent EC grown on confluent polycarbonate filters (Vascular Permeability Assay Kit; Millipore Corporation). In brief, EC grown to confluence on Transwell inserts were exposed to agonist stimulation for 1 h. After stimulation, FITClabeled dextran was added to the luminal compartment for 2 h, and then FITC-dextran clearance across the filter to the abluminal compartment was measured by relative fluorescence excitation at 485 nm and emission at 530 nm.
Immunofluorescence. EC were grown on gelatinized coverslips before exposure to various conditions as described for individual experiments. EC were then fixed in 3.7% formaldehyde for 10 min, permeabilized with 0.25% Triton X-100 for 5 min, washed in PBS, blocked with 2% bovine serum albumin in Tris-buffered saline with Tween 20 for 1 h, and then incubated for 1 h at room temperature with the primary antibody of interest. After washing, EC were incubated with the appropriate secondary antibody conjugated to immunofluorescent dyes (or Texas Red-conjugated phalloidin for actin staining) for 1 h at room temperature. After further washing with Tris-buffered saline with Tween 20, coverslips were mounted using Prolong Anti-Fade Reagent (Invitrogen) and analyzed using a Nikon Eclipse TE2000 inverted microscope (Nikon, Melville, NY). Western Blotting. After treatment as outlined for individual experiments, EC were subsequently washed with cold (4°C) Ca 2ϩ / Mg-free PBS and lysed with 0.3% SDS lysis buffer containing protease inhibitors (1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, 1 mM sodium fluoride, 0.2 trypsin inhibitor unit/ml aprotinin, 10 M leupeptin, and 5 M pepstatin A). Sample proteins were separated with 4 to 15% SDS-PAGE gels (Bio-Rad, Hercules, CA) and transferred onto Immobilon-P polyvinylidene difluoride membranes (Millipore Corporation). Membranes were then immunoblotted with primary antibodies (1:500 -1000, 4°C, overnight) followed by secondary antibodies conjugated to horseradish peroxidase (1:5000, room temperature, 30 min) and detected with enhanced chemiluminescence (Pierce ECL or SuperSignal West Dura; Pierce Biotechnology, Rockford, IL) on Biomax MR film (Carestream Health, Rochester, NY).
Measurement of Intracellular Calcium. Measurements of [Ca 2ϩ ] c using Fura-2 were performed as described previously (Harbeck et al., 2006) . HPAEC plated on 25-mm glass coverslips were loaded with 1 M Fura-2/acetoxymethyl ester ( Invitrogen, Carlsbad, CA) for 20 min at 37°C in KRBH5 buffer (Krebs-Ringer-bicarbonate solution containing 119 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl 2 , 1 mM MgCl 2 , 1 mM KH 2 PO 4 , 25 mM NaHCO 3 , 10 mM HEPES-NaOH (pH 7.4), and 5 mM glucose). After replacement of the Fura-2 loading buffer with fresh KRBH5, coverslips were placed into the specimen stage of an inverted fluorescence microscope (Nikon TE-2000U) . A Nikon Super Fluor 10ϫ objective was used for these studies. Filters (340-and 380-nm excitation and 530-nm emission) were used for Fura-2 dual excitation ratio imaging. Imaging data acquisition and analysis were accomplished using MetaMorph/MetaFluor software (Molecular Devices, Sunnyvale, CA) and OriginPro 7E (OriginLab Corp, Northampton, MA). Fura-2 340/380 dual excitation ratios were converted to [Ca 2ϩ ] by in situ calibration. To calibrate Fura-2 ratios, R max was obtained by treating cells with 10 M ionomycin and 2.5 mM Ca 2ϩ , and R min was obtained by treating cells with EGTA to a final concentration of 10 mM. Fura-2 ratios were converted to [Ca 2ϩ ] as described by Grynkiewicz et al. (1985) using the equation
, where K d Ј is the dissociation constant for Fura-2 in the cytosol (225 nM) and S f and S b are the measured emission intensities at 380 nm for Ca 2ϩ -free and Ca 2ϩ -bound Fura-2, respectively. Data summaries for all Ca 2ϩ measurements are expressed as the means Ϯ S.E. Animals Housing and Procedures. All experiments and animal care procedures were approved by the Chicago University Animal Resource Center and were handled according to the Animal Care and Use Committee Guidelines at the University of Chicago. C57BL/6 (20 -25 g) mice were purchased from The Jackson Laboratory (Bar Harbor, ME). Mice were housed with access to food and water in a temperature-controlled room with a 12-h dark/light cycle. For experiments performed in the intact animal, male C57BL/6 mice (8 -10 weeks) were anesthetized with intraperitoneal ketamine and acetylpromazine mixture according to the approved protocol. Escherichia coli LPS solution (2.5 mg/kg) or sterile saline was instilled intratracheally via a 20-gauge catheter. Simultaneously, mice received either FTY720 or analogs (in doses: 0.01, 0.1, 0.5, 1, and 5 mg/kg i.p.) or PBS as vehicle. The animals were allowed to recover for 18 h. BAL and lungs were collected and stored at Ϫ70°C for evaluation of lung injury.
Quantification of Total Protein and Leukocytes Analysis in BAL.
Collected BAL was centrifuged (1500g, 15 min, 4°C), and after a second centrifugation of the supernatant (5000g, 20 min, 4°C), pure BAL fluid was used to measure total protein according to the manufacturer's bicinchoninic acid protein assay kit manual (Bio-Rad). Cell pellets were suspended in Hanks' solution, and red blood cells were lysed by hypotonic shock (0.2% NaCl) for 5 min. After the cell suspensions were centrifuged and diluted in Hanks' solution, an aliquot of the cell suspension was examined for the total number of white blood cells using a hemocytometer. Cytospin slides were prepared from cell suspensions. After Diff-Quik staining, the differential cell count of neutrophils and macrophages was determined by counting 300 cells under a microscope.
Measurement of Albumin Concentration by EnzymeLinked Immunosorbent Assay. Pure BAL fluids prepared for protein measurement or myeloperoxidase activity (MPO) lung homogenates were used to test albumin concentration. The assay was performed in 96-well plastic plates (Nalge Nunc A/S, Roskilde, Denmark). Plates were coated with mouse albumin (Bethyl Lab, Montgomery, TX), washed, and blocked. Aliquots (100-l) of the sample or standard and 100 l of goat anti-mouse albumin antibody (horseradish peroxidase-conjugated) (1:50,000) were then added, followed by incubation at 37°C for 1 h. Finally, the substrate 3,3Ј,5,5Ј-tetramethylbenzidine was added for 10 min, and the reaction was stopped by adding 100 l of 2 M H 2 SO 4 . The absorbance at 450 nm was read on a kinetic microplate reader (Molecular Devices).
Determination of MPO. MPO was isolated and measured from snap-frozen right lungs as described previously (Remick et al., 1990) . The right lung was homogenized in 1 ml of 50 mM potassium phosphate, pH 6.0, with 0.5% hexadecyltrimethylammonium bromide. The resulting homogenate was sonicated and then centrifuged at 12,000g for 15 min. The supernatant was mixed 1:30 with assay buffer (100 mM potassium phosphate, pH 6.0, 0.005% H 2 O 2 , 0.168 mg/ml o-dianisidine hydrochloride), and the absorbance was read at 490 nm. MPO units were calculated as the change in absorbance with respect to time.
Peripheral Blood Analysis. The peripheral blood was examined by the Missouri University Research Animal Diagnostic Laboratory (Columbia, MO) for determination of total blood cell counts and differentials in blood samples.
Statistical Analysis. Values are shown as the mean Ϯ S.E. Data were analyzed using a standard Student's t test or one-way analysis of variance, groups were compared by Newman-Keuls test, and significance in all cases was defined at p Ͻ 0.05.
Results
Differential Effects of FTY720 Analogs on Endothelial Cell Barrier Function in Vitro. Novel (R)-and (S)-enantiomers of three FTY720 analogs (1 ϭ phosphonate, 2 ϭ enephosphonate, and 3 ϭ regioisomer) were synthesized as described previously (Lu et al., 2009 ) (see Fig. 1 for the structures of the FTY720 analogs used in this study). Our initial studies examined the effects of these six compounds on EC barrier integrity as measured by TER, a highly sensitive in vitro measure of permeability. The (R)-and (S)-enantiomers of 1 and 2 are similar to S1P in that they produce rapid and sustained increases in TER (indicative of enhanced EC barrier function), whereas FTY720 itself induced a delayed onset of barrier enhancement as we have reported previously (Dudek et al., 2007) that was slower to rise in TER relative to S1P and the FTY720 analogs [ Fig. 2A ; note that only (R)-enantiomer TER data are shown. (S)-Enantiomer results are similar and, therefore, not shown for simplicity]. Interestingly, the FTY720 regioisomers 3R and 3S (in which the positions of the amino groups and one of the hydroxymethyl groups are interchanged) were barrier-disruptive at similar concentrations despite being structurally very similar to the parent FTY720 compound (Fig. 1) , indicating the sensitivity of this response to minor structural alterations. Although similar to S1P in the rapid induction of increased TER, the barrier-enhancing FTY720 analogs 1R, 1S, and 2R have a greater maximal percentage TER change at 1 M compared with both S1P and FTY720 (Fig. 2B) . Moreover, when the concentration of these compounds is increased to 10 M, analogs 1R, 1S, and 2R exhibit even greater maximal TER elevation, whereas S1P, FTY720, and 2S are now somewhat barrier-disruptive at this dose (Fig. 2C) , indicating that the barrier-enhancing effects of analogs 1R, 1S, and 2R are sustained over a wider concentration range than those of either S1P or FTY720. In fact, dose-response titrations of 1S, 1R, and 2R demonstrate that these analogs retain near maximal barrier-promoting effects over a range from 1 to 50 M, suggesting a potential broader therapeutic index for these compounds compared with S1P or FTY720 (data not shown). The results also highlight the importance of enantiomerspecific effects as the enephosphonate analogs (2R and 2S) have diametrically opposing effects on EC barrier function at higher concentrations (Ն10 M).
As a complementary approach to further characterize the barrier-protective effects of these FTY720 analogs in vitro, we next assayed permeability of FITC-labeled dextran across the pulmonary EC monolayer (Garcia et al., 1986) . Whereas TER measurements are an assessment of EC permeability in terms of resistance to an electrical current, this assay allows for characterization of changes in EC permeability to higher molecular weight molecules. Compared with control EC, those treated with S1P, FTY720, or FTY720 analogs 1 and 2 all demonstrate significantly decreased permeability in this assay, consistent with the TER data shown above (Fig. 3) . In contrast, the regioisomers (3R and 3S) increase EC permeability to a degree similar to thrombin, a well described and potent barrier-disrupting agent (Dudek and Garcia, 2001) .
Differential Cytoskeletal Rearrangement and Intracellular Signaling of FTY720 Analogs. S1P generates dramatic EC cytoskeletal rearrangements such as enhanced cortical actin accumulation and peripheral MLC phosphorylation ), which are not observed during FTY720-induced barrier enhancement (Dudek et al., 2007) . Because the barrier enhancing analogs 1 and 2 produce immediate TER elevation similar to S1P ( Fig. 2A) , we next evaluated whether these compounds elicited rapid F-actin cytoskeletal rearrangements similar to exposure to S1P (Fig.  4A ). Immunofluorescent analysis reveals that compounds 1 and 2 rapidly induce (within 5 min) increased cortical actin ring formation in the periphery of pulmonary EC characteristic of S1P-induced barrier enhancement (Fig. 4A, arrows ) . In contrast, as we have reported previously (Dudek et al., 2007) , FTY720 fails to elicit cortical actin ring formation early at 5 min (data not shown) or at data time points (30 min) associated with peak TER elevation ( Fig. 2A) . Interestingly, the barrier-disrupting FTY720 analog 3 does not produce dramatic F-actin rearrangements.
Whereas the barrier-enhancing FTY analogs exhibit similarities to S1P in cortical actin ring formation, their effects on intracellular signaling events are varied (Fig.  4B) . Evaluation of EC lysates for MLC and ERK phosphorylation demonstrate increased MLC and ERK phosphorylation at 5 min in response to S1P, whereas analogs 1R and 2R cause increased phosphorylation of ERK at 5 min. Neither FTY720 nor any of its analogs induces significant MLC phosphorylation over this time frame. Interestingly, the enantiomers 1S and 2S differ from 1R and 2R in terms of ERK signaling because the former fail to induce phosEnantiomer FTY720 Phosphonate FTY720 Enephosphonate FTY720 Regioisomer jpet.aspetjournals.org phorylation of this kinase. Thus, these closely related compounds are not equivalent in terms of their downstream signaling effects on cultured pulmonary EC. The barrierdisruptive FTY regioisomers 3R and 3S do not increase ERK or MLC phosphorylation (5 min), unlike the well described barrier-disruptive agent thrombin (Dudek and Garcia, 2001) .
To further explore the mechanistic differences in barrier regulation, intracellular calcium responses to the FTY720 analogs, S1P, and FTY720 were examined. Previous studies have described a brief but substantial increase in intracellular calcium (Ca 2ϩ ) following S1P exposure in pulmonary endothelial cells , whereas FTY720 fails to increase intracellular Ca 2ϩ (Dudek et al., 2007) . Changes in HPAEC [Ca 2ϩ ] i after treatment with FTY720 analogs, S1P, FTY720, and vehicle (all at 1 M concentration) revealed that only S1P produced a transient Ca 2ϩ spike (Fig.  5) , demonstrating that the FTY720 analog-induced barrier enhancement does not require the calcium signaling observed in association with S1P.
Mechanistic Components of FTY720 Analog-Induced Barrier Enhancement. We next pursued a series of experiments designed to mechanistically explore the manner in which these FTY720 analogs produce barrier enhancement. Similar to S1P and FTY720 (Dudek et al., 2007) , TER elevation induced by all four barrier-enhancing compounds (1R, 1S, 2R, and 2S) is significantly inhibited by preincubation with either pertussis toxin (PTX) or genistein, a nonspecific tyrosine kinase inhibitor (Table 1) , indicating essential involvement of G i -coupled signaling and tyrosine phosphorylation events in these barrier-enhancing responses. We have also previously reported that signaling pathways initiated in membrane lipid rafts are essential to S1P-and FTY720-induced barrier enhancement (Singleton et al., 2005; Dudek et al., 2007) . Consistent with the involvement of lipid rafts in FTY720 analog barrier enhancement, the lipid raft-disrupt- ing agent, methyl-␤-cyclodextrin (M␤CD), significantly attenuates their TER elevation (Table 1) . Overall, these in vitro data support a barrier-enhancing pathway induced by FTY720 analogs 1R, 1S, 2R, and 2S that probably includes lipid raft signaling and G i -linked receptor coupling to downstream tyrosine phosphorylation events.
FTY720 Analog 1S Is Protective in a LPS-Induced Murine Lung Injury Model.
To extend our in vitro findings that the FTY720 analogs promote lung EC integrity, we employed a well characterized murine model of LPS-induced lung injury (see Materials and Methods) to examine the in vivo effects of these compounds on pulmonary vascular leak and inflammatory injury. Preliminary studies indicated that 1S was superior to the other barrier-promoting analogs (1R, 2R, and 2S) in this model (data not shown). Therefore, we proceeded to further characterize the representative barrierenhancing FTY720 analog 1S on pulmonary vascular leak and inflammatory injury in this mouse model. As we have described previously , intratracheal administration of LPS (2.5 mg/kg) produces significant murine inflammatory lung injury at 18 h as assessed by measurements of BAL total protein and cell count, BAL albumin, and lung tissue albumin. Moreover, LPS increases tissue MPO activity, another reflection of lung parenchymal phagocyte infiltration, compared with control mice . Intraperitoneal injection of a single dose of FTY720 analog 1S (0.1-5.0 mg/kg) delivered 1 h after LPS exposure significantly reduces capillary leak relative to PBS control at all of the concentrations studied as measured by total BAL protein concentrations (Fig. 6A ). This reduction in permeability by 1S is comparable to that achieved by S1P or FTY720. In addition, 1S significantly reduces LPS-induced albumin leakage from the vascular space into both the surrounding lung tissue and BAL (Fig. 6, B and C) , as well as BAL WBC accumulation and lung tissue MPO activity (Fig. 7, A and B) . These combined data suggest that the optimal protective dose of 1S is 0.1 to 1.0 mg/kg in this model.
One potential concern when using FTY720 or related compounds in sepsis-related processes such as acute lung injury is the known lymphopenia effect of the parent compound (Kovarik et al., 2004) . Therefore, peripheral blood WBC levels were assessed in this mouse model. For comparison, at baseline in control mice (no LPS), total circulating WBC is 4.11 Ϯ 1.58 ϫ 10 3 /l and the lymphocyte count is 3.57 Ϯ 1.74 ϫ 10 3 /l (n ϭ 6), so these levels are significantly suppressed (p Յ 0.001 for both total WBC and lymphocyte count) by LPS alone in this model 18 h after its administration (Fig.  8) . However, 1S treatment in these mice does not further alter peripheral blood leukocyte and lymphocyte levels relative to PBS controls (Fig. 8) , suggesting that the 1S analog does not produce additional immunosuppression in this LPS model. Interestingly, FTY720 itself also does not suppress circulating WBC levels relative to PBS controls in this model of inflammatory lung injury. In summary, the FTY720 analog 1S decreases multiple indices of LPS-induced pulmonary injury in this murine model without apparent hematologic toxicity.
Discussion
In this study, we demonstrate potent pulmonary vascular permeability effects of several novel FTY720 analogs both in vitro and in vivo. These findings have direct therapeutic relevance for the ALI/acute respiratory distress syndrome, a highly morbid condition afflicting an estimated 200,000 people annually and causing 75,000 deaths in the United States (Rubenfeld et al., 2005) . To date, there are no effective interventions that target the critical pulmonary vascular leak that underlies this syndrome (Wheeler and Bernard, 2007) . Our laboratory group was the first to identify the potential of S1P to serve in a vascular barrier-enhancing capacity in vitro ; however, our more recent animal work suggests that modulation of S1P-related pathways in lung endothelium also holds promise in vivo with S1P infusion into murine and canine models of inflammatory lung injury highly protective Peng et al., 2004) , whereas others have demonstrated that administration of an S1P 1 R antagonist induces lung capillary leakage (Sanna et al., 2006) . Unfortunately, the endogenous compound S1P is a suboptimal therapeutic candidate because of its potential to produce negative effects, including cardiac toxicity and pulmonary edema at higher doses (Forrest et al., 2004; Gon et al., 2005) . In fact, multiple agents for inhibiting various components of the S1P pathway are currently under therapeutic investigation for various clinical indications (Takabe et al., 2008) . Because the structurally related synthetic compound FTY720 exhibits potent barrier-enhancing properties both in vitro and in vivo (Sanchez et al., 2003; Peng et al., 2004; Dudek et al., 2007) and is in advanced clinical trials for treatment of multiple sclerosis (Brown et al., 2007) , it remains a promising alternative to S1P that may soon be available for trials in patients with ALI. However, FTY720 has demonstrated bradycardic and immunosuppressive effects (Kovarik et al., 2004; Brown et al., 2007; Tedesco-Silva et al., 2007) that may be detrimental to critically ill patients with ALI.
Therefore, we generated multiple analogs of FTY720 to further our mechanistic understanding of how these compounds regulate EC barrier regulation in the hopes of designing a more optimal therapeutic agent. Other groups have synthesized multiple derivatives of FTY720, including phos- HPAEC plated on Transwell inserts were stimulated with S1P, FTY720, 1R, 1S, 2R, 2S (each at 1 M), thrombin (1 unit/ml), 3R, or 3S (both 25 M; lower concentrations did not alter permeability) for 1 h before addition of FITC-dextran. After a 2-h incubation, FITC-dextran clearance relative fluorescence was measured by excitation at 485 nm and emission at 530 nm. Data were normalized to unstimulated control. n ϭ 3 independent experiments per condition; ‫,ء‬ p Ͻ 0.01 versus unstimulated condition.
FTY720 Analogs Alter Vascular Permeability 59
at ASPET Journals on April 4, 2017 jpet.aspetjournals.org phonates (Mandala et al., 2002; Forrest et al., 2004; Hale et al., 2004b) , phosphothioates (Foss et al., 2005) , 4(5)-phenylimidazole-containing analogs , and conformationally constrained analogs (Hanessian et al., 2007; Zhu et al., 2007) , primarily for the purposes of characterizing them in terms of S1P receptor affinity and the ability to induce lymphopenia. Additional analogs have been employed to evaluate the proapoptotic effects of sphingosine and FTY720 (Don et al., 2007) or as possible antiangiogenic agents (Nakayama et al., 2008) . However, this report is the first to use this valuable pharmacological approach to explore the potential of FTY720-related compounds to regulate pulmonary vascular permeability.
Our data illustrate the usefulness of this approach as the FTY720 analogs described here exhibit dramatically differential effects on lung EC barrier function. The FTY720 phosphonate (1R and 1S) and enephosphonate (2R and 2S) compounds display in vitro barrier enhancing properties comparable or superior to S1P and FTY720, whereas the FTY720 regioisomers (3R and 3S) are barrier-disruptive despite being structurally very similar to the parent FTY720 compound (Figs. 2B and 3) . These results suggest that three of the barrier-enhancing analogs (1R, 1S, and 2R) may be more appealing as potential clinical agents than S1P or FTY720 for blocking ALI-associated pulmonary edema because they exhibit a broader therapeutic index with in- (Fig. 2, B and C). Our preliminary mechanistic studies indicate that G i -coupled receptor signaling, tyrosine kinases, and lipid raft domains are involved in mediating the enhanced EC barrier function induced by these analogs, as they are in the S1P response (Table 1) . Ongoing studies are seeking to determine the signaling events that account for the differential effects of these compounds on EC barrier function. One intriguing possibility is that FTY720 phosphonate and enephosphonate compounds may not be hydrolyzed by lipid phosphatases because a similar mechanism was noted to result in differential intracellular signaling for a S1P phosphonate analog .
Our data further demonstrate that orientation changes present in the regioisomers compared to FTY720 are sufficient to produce opposite effects on EC permeability. Understanding how these effects are mediated may provide important additional insights into EC barrier regulation. The mechanism through which 3R and 3S disrupt the EC barrier does not appear to involve MLC phosphorylation, actin stress fiber formation, or actomyosin contraction (Fig. 4) as observed after thrombin (Dudek and Garcia, 2001) . Our data also highlight the importance of stereoisomeric structure in determining the bioactivity of these compounds in barrier regulation. Although FTY720 phosphonate (compound 1 in this study) has been synthesized previously by others (Mandala et al., 2002; Forrest et al., 2004; Hale et al., 2004b) , these prior studies used only a racemic mixture that did not differentiate enantiomeric-specific effects. Such effects are known to be functionally important in the metabolism of the parent compound FTY720 because measurements in rats and humans demonstrate that in vivo phosphorylation of FTY720 results only in formation of the (S)-enantiomer of FTY phosphate, which is a much higher affinity agonist for the S1P receptor family than (R)-FTY phosphate (Albert et al., 2005) . In the present study, several interesting properties differentiate the (R)-and (S)-enantiomers of FTY720 phosphonate and enephosphonate. For example, 1R and 2R rapidly activate ERK, whereas the (S)-enantiomers of these compounds do not (Fig. 4B) . Although 10 M 2R potently increases EC barrier function in vitro, this concentration of 2S is barrierdisruptive (Fig. 2C) . Finally, the 1S phosphonate compound is more efficacious than 1R in the mouse model of LPSinduced lung injury (data not shown). Thus, further study of the chiral effects of these compounds on EC barrier function is warranted.
An important aspect of mechanistically characterizing these analogs is to determine their relative S1P receptor activities. Most relevant are their effects on S1P 1 R and S1P 3 R because these are the best described S1P receptors in terms of their respective barrier-enhancing (S1P 1 R) (Garcia ] relative to 60-s average before treatment, as determined by Fura-2 as described under Materials and Methods. n ϭ 3 independent experiments per condition.
TABLE 1 Pharmacologic inhibitor effects on FTY720 analog barrier enhancement
Confluent HPAEC were plated on gold microelectrodes and then stimulated with 1 M S1P, FTY720, 1R, 1S, 2R, or 2S after either a 2-h preincubation with 100 ng/ml PTX, 30-min preincubation with 200 M genistein (Gen), or 2-h preincubation with 2 mM MßCD or their respective vehicle controls. Data were pooled from multiple TER experiments (4 -10 independent experiments per condition) and expressed as percentage inhibition of maximal barrier enhancement at 60 min relative to agonistonly control. Singleton et al., 2005; Sanna et al., 2006) and barrier-disrupting (S1P 3 R) (Gon et al., 2005) properties. Recently published data characterize the relative activity of the four barrier-enhancing analogs (1S, 2S, 1R, and 2R) on S1P 1 R (Lu et al., 2009) . In this study, HTC4 cells (which do not express endogenous S1P receptors) were stably transfected with S1P 1 R, and Ca 2ϩ mobilization assays were performed after stimulation with various concentrations of S1P, FTY720 phosphate, and analogs. The 1R (93% of maximal S1P response) and the 2R (73%) analogs exhibited substantial S1P 1 R activation in these assays similar to that of FTY720 phosphate (76%) (Lu et al., 2009 ) and consistent with this receptor being the primary transducer of barrier enhancement by these analogs. In contrast, 1S produced only 36% of the maximal S1P response despite exhibiting comparable barrier-enhancing potency to the other compounds (Figs. 2 and 3 ). These interesting data suggest that barrier enhancement by 1S may be transduced at least in part via another receptor as we have previously suggested for FTY720 itself (Dudek et al., 2007) . Another intriguing possibility is that the 1S analog may alter the conformational state of S1P 1 R leading to differential effector coupling and altered downstream signaling that results in reduced Ca 2ϩ mobilization but comparable barrier enhancement. A similar model of S1P 1 R signaling involving multiple conformational states has been proposed by others (Pyne and Pyne, 2008) . Even more robust evidence for an alternative barrier-enhancing receptor is provided by 2S, which is capable of significantly improving EC barrier function (Figs. 2 and 3 ) despite a complete inability to activate the S1P 1 R as measured by this Ca 2ϩ mobilization assay (Lu et al., 2009 ). In addition, this same group has characterized the relative activity of 1S, 2S, 1R, and 2R on S1P 3 R in the Ca 2ϩ mobilization assay (W. J. Valentine and G. Tigyi, personal communication). It is important to note that these barrier-enhancing analogs all exhibit little (1R and 2R, ϳ10% of maximal S1P response) or no (1S and 2S, both 0%) S1P 3 R activity as measured by Ca 2ϩ mobilization. Thus, all of the barrierenhancing analogs identified in our study may have therapeutic advantages over S1P and FTY720 in terms of decreasing the S1P 3 R-related negative effects on barrier function . FTY720 analog 1S reduces LPS-induced vascular permeability in murine lungs. A, male C57BL/6 mice were given LPS (2.5 mg/kg) intratracheally. One hour later, mice received PBS vehicle, FTY720 (0.5 mg/ kg), or 1S (doses labeled on the graph, milligram/kilogram) intraperitoneally, or S1P (0.026 mg/kg) via jugular vein injection simultaneous with LPS. The treated mice were allowed to recover for 18 h. BAL fluid was processed to determinate total protein concentrations. n ϭ 3-5 animals per condition. ‫,ء‬ p Ͻ 0.05 and ‫,ءء‬ p Ͻ 0.01 compared to PBS vehicle treatment. B, BAL albumin levels were also measured in these animals. ‫,ءءء‬ p Ͻ 0.001 and ‫,ءء‬ p Ͻ 0.01 compared to PBS vehicle treatment. C, in similarly treated mice, lung tissue albumin was measured. n ϭ 4 -5 animals per condition. ‫,ء‬ p Ͻ 0.05 and ‫,ءء‬ p Ͻ 0.01 compared to PBS vehicle treatment. and cardiac toxicity (Forrest et al., 2004; Hale et al., 2004a; Gon et al., 2005) . The S1P receptor profiles of the barrierdisrupting FTY720 analogs identified in our study (3S and 3R) also merit further study. In summary, these results provide important mechanistic insights into the regulation of EC barrier function and demonstrate the potential therapeutic utility of several novel FTY720 analogs to reverse the pulmonary vascular leak that characterizes ALI. (S)-FTY720-phosphonate is particularly promising both in vitro and in vivo. Moreover, animal data presented here suggest that, at doses sufficient to protect against lung injury, FTY720 and its derivative 1S do not adversely affect circulating WBC levels during inflammatory states (Fig. 8) and thus may be appropriate to use in critically ill patients with infection-associated ALI. Given the high mortality of this syndrome and lack of specific therapies (Wheeler and Bernard, 2007) , clinical trials of these agents in ALI may be warranted in the near future. 
